uate hypoxia , but to correlate a biochemi cally measured value with th e outco me of hypoxia is difficult . Measure me nts of th e pu rine metabol ite hypoxanthine can be used as an ind icator of hypoxia (I). Du rin g tissue hypo xia, elevated hypoxanthine levels have been found in plasm a (2-5), CSF (6, 7), and urine (8).
uate hypoxia , but to correlate a biochemi cally measured value with th e outco me of hypoxia is difficult . Measure me nts of th e pu rine metabol ite hypoxanthine can be used as an ind icator of hypoxia (I). Du rin g tissue hypo xia, elevated hypoxanthine levels have been found in plasm a (2-5), CSF (6, 7) , and urine (8) . H owever, no clear definition of clinical hypoxia is available, and ma ny autho rs do not distinguish between the terms hypoxemia an d hypoxia, whic h adds to the confusio n. Our meanin g of hypoxia has previou sly been described ( I). In our study th e pigs were subjected to hypoxemia. We define hypoxe mia as deficient oxygenation of th e blood. Hypoxem ia may, however, not necessarily lead to tissue hypoxia.
To further assess the usefuln ess of hypoxanthine as a biochemical marker of hypoxia, we repo rt how three degrees of hypoxemi a in young pigs in fluence the level of hypoxanthine, xanthine, and uric acid in the CSF and plasma , as well as th e pigs' urin ary excretion of hypoxan thine an d xanthine.
Approval. The local hosp ital' s ethi cal com m ittee for an im al studies approved these experim ents.
Animal model. T he anima l model was similar to th at previously described (9) . T went y-two young pigs of eit her sex (the males had been castrated shortly after birth ) weighing 17-22 kg (mea n 18.1 kg) were used. Th ey were anes thetized with an intraperitoneal injection of sodium pentobar bital (30 mg/kg). An i.v. line was estab lished through an ear vein, an d a contin uo us infusion of Ringer acetate ( 10 mL/kg/h) was given during the experime nt. A further 100 mg of sodium pentobar bital was given i.v, if necessary every 30 min. A cuffed tu be was placed in the trachea via a tracheostom y. Art ificial ventilation was given by a ventilato r (Servo-ventilator 900B, Elema-Schenander, Stoc kholm, Sweden). Ventilation rate and tidal volume were adjusted unt il Paco, ranged between 4 and 5.3 kPa (30-40 mm Hg). No further adjustme nts of the ventilato r .were done du ring th e hypoxemic period.
A midlin e supr apubic laparotomy was performed and a urinary catheter was placed in the bladder for measuring diuresis and urinary hypoxanthin e and xanthine.
Polyeth ylene catheters were inserted into a fem oral artery and a fem oral vein. T he arterial cathe ter was used for taking blood samples and for measuring blood pressure continuously with a strai n gauge tra nsdu cer, Go uld recorde r 2600S (Gould In c. Recording System s, Cleveland, OH). Th e venous cath eter was used for giving Ringer acetate plu s additional sodium pentobarbital.
Th e pigs were divided int o three hypoxemi c and one contro l group. Seven animals were made hypoxem ic by art ificial ventilation with 8% oxygen in nitrogen (FiO z = 0.08) (group 1). Seven a nim als were ventilated with II % oxygen (Fi0 2 = 0.11) (group 2). Five animals were ven tilated with 14% oxygen (Fi0 2 = 0.14) (gro up 3), and three a ni ma ls were ventilated with room air (Fi02 = 0.2 1), servi ng as norm oxemic co ntro ls (group 4). T he oxyge n co nce ntratio ns were measured co ntinuo usly in all pigs during th e experime nts with a Dameca OM 83 1 oxygen m onitor (Dam eca Inc., Co pen hage n, Denma rk ). During th e m ildest hypoxemia (Fi 0 2 = 0. 14), the Pa02 remained between 4.3 and 5.6 kPa (32 .5-42 mm H g). All anima ls tolerat ed th is degree of hypoxem ia for 480 m in , after which th ey were killed with an i.v. overdose of sodium pentob arbital. The pigs in the control gro up were observed from 185 to 480 m in and then killed. Durin g artificial ventilatio n, I mL of pancuron ium brom ide (Pavu lon 2 mg/rnl. , Organ on Tekn ika, Boxtel, Netherlands) was given i.v. every 30 m in to prevent muscular contraction s, which m ay lead to artificially high hypox ant hine levels ( 10).
Blood samples. Art eria l blood sam ples were taken after a stabilizing period of at least 1 h after surgery but before hypo xemia was initiated (basal valu es). During hypoxemia, blood sam ples were withd rawn at 5, 15, a nd 30 min and th en every 30 m in as lon g as th e experim ent lasted . Blood gases were measured with an AVL 945 Auto matic Blood Gas System (AVL Biom edical In struments, SchafThausen , Switzerland). Ano ther mL of b lood was tak en into heparinized t ubes before hypoxem ia and th en every 30 min for hypoxanthine and xa nthine analyses. In gro ups I and 2, uric acid was also measured in the blood samples. T he withdrawn blood was immediately replaced with an equal volume of steri le Na CI (0.9 %).
Sampling of CSF.
A lumbar puncture needle was pla ced in t he cisterna magna du rin g th e expe rime nt. Two hundred to 400 L of CSF were drawn from this needl e at th e same sampling times as previou sly described for blood hypoxanthine.
T he samples of blood a nd CSF were im mediately centri fuged Sa mpling of urine. U rine was continuou sly collected into a catheter bag d uring th e experiments. Befo re hypo xemia and th en every 30 m in as lon g as the experi m ent lasted , th e amo unt of urine was measured a nd a I-mL sam ple was fro zen for later me asurem ents of hypoxanthine a nd xa nthine . T he con centration s were related to di ure sis, and th e amou nt excreted per min per kg bod y weight was calculated.
A nalysis of hypoxanth ine, xa nthine, and uric acid concentrations. The hypoxanthine and xanthi ne levels in CSF, plasm a, a nd uri ne were a nalyzed usin g an HPLC method ( I I, 12).
Th e plasm a sam ples were prepared by centrifuga tio n for 30 min th rou gh a filter with 30 000 m ol wt cut-off (YMT-filte r, MPS-I System , Am ico n Co rp ., Dan vers, M A).
Using a syringe, the othe r fluids were passed throu gh a 4-m m M illex-H'V, un it with 0 .4 5 -~m pore size (M illipore Co rp., Bedford, MA).
The chromat ography was per formed on a reversed-phase colum n (0.45 x 15 em) of 5 -~m mat erial (Pecos phe re-5C C 18, Perkin-Elmer Co rp ., Norwalk, CT). The mobile ph ase used for th e chro ma tography was 0.005 M KH 2P04 , pH 5.7. The eluting co mpo unds were detected at 254 nm . Identificat ion of th e peak s in th e HPLC effiuents were m ad e on the basis of retention times. T he retention times were compared with retention tim es of known pure sta ndards that were m easured routinely after every 4t h sam ple. Primarily, th e peak height ratios at 254 versus 280 nm were m easured for all four bod y fluid s. Sma ll changes in retent ion tim es or double peaks were chec ked by coelution with known pure standards. This was especi ally necess ary at low xanthine con centration s.
Qu antificati on of peaks was done by peak he ight rat ios. All pure stan dards used for the HPLC were obtain ed fro m Sigm a Chem ica l Co., St. Lou is, MO.
Uric acid was measured on an RA-I OOO (Tec hnicon In strume nts, Tarrytown , N Y), a uto ma tic blood analyzer.
Statistics.
Results ar e given as m ean ± SO . Wilcoxon's twotailed rank test was applied for testing th e significance of differences between comparable gro ups. A p value <0.05 was considered statistically signi fica nt.
RESULTS
Blood gases and mean arterial pressure. Tab le I shows th e arterial Pao-, O2 sat uratio n, and m ean art eria l blood pressu re in the four groups of pigs. There were no differen ces between the groups before th e start of hypoxemia. In the animals with the two m ost severe degrees of hypoxemia, the re was an initial inc rease in blood pressure at t he sta rt of th e hypoxemia, lastin g for ab ou t I h. The blo od pressure in both th ese gro ups th en gradually declined toward zero in th e term ina l phase, as previously described ( 13) . No signi fican t cha nges in the mean Paco, were found in any gro up.
Hypoxanthin e, xant hine, and uric acid in CSF. The mean concentrations of hypoxanthine in the CSF of th e pigs before the start of th e hypo xemia was 15.8 ± 4.1~mol/L, with no differen ce between th e four gro ups. The cha nges between preh ypoxemic, basal values and th e values found du rin g th e hypoxemia and at death for gro ups I and 2 are illu strated in Figur e 1a and b, respecti vely. In th ese groups, th ere was a linear inc rease in CSF hypoxanthine co nce ntra tions reac hing a m aximum at death of 39.3 ± 6.2~mol/L in group I (p < 0.02 compar ed with basal values) and 42.9 ± 20.8~m ol/L (p < 0.02) in group 2. There was no differenc e at the time of death between groups I and 2. In the two other gro up s, th ere was no signi fica nt change in th e hypoxanthine co nce ntratio n in th e CSF (results not shown).
The mean xanthi ne concentratio n in th e CSF of all pigs was 4.0 ± 0.8~mol/L before hypoxemia. In gro ups I an d 2, th ere were linear increases to 10.6 ± 4.8~m ol/L (p < 0.02) a nd 13.3 ± 5.5~m o l/L (p < 0.02), respective ly, at the time of death (Fig.   2 ), whereas the con centration s remained unchanged in the other two groups. There was no d ifference between the final concentrations of xa nt hine in groups I and 2.
T he m ean uri c acid co nce ntration in the CSF in gro ups 1 and 2 was 2.9 ± 2.8~mol/L befor e hypoxemia, in creasing to 11.6 ± = 0. 11. The maximum is the highest co ncent ration recorded during the hypoxem ic period in the live animal. T he ma ximal co ncentratio ns were not necessarily reached at the same time for the three bod y fluids du ring t he hypoxem ic period. *p < 0.02 co mpared with values before hypoxemia. #p < 0.05 co mpa red with values before hypoxem ia.
11.7 umol/L at the time of death in group I (p < 0.05), and to 16.3 ± 16.8 /lmol/L at the time of death in group 2 ( p < 0.02).
There was no difference between the final concentrations of uric acid in groups I and 2. Uric acid was not measured in groups 3 and 4.
Hypoxanth ine, xan thine, and uric acid in plasma. T he mean plasma concentration of hypoxanthine in the pigs was 21.8 ± 4.4 /lmol/L before the start of hypoxemia. Th ere was no difference between the four groups. Figure Ia illustrates the variation of plasma hypoxanthine in group I. In all the pigs in this group , plasma hypoxanth ine increased significantly during hypoxemia. However, in one pig, the hypoxanthine concentration toward death fell below the starting value (start, 23 /lmol/L; maximum durin g hypoxemia, 39 /lmol/L; at time of death, II /lmol/L). In the other six pigs, hypoxanth ine concentratio ns continued to increase up to the tim e of death, resultin g in an average terminal value in the seven pigs of 103 ± 5 1.7 /lmol/L (p < 0.05). Figure   Ib shows that the plasma concentration of hypoxanthine increased significantly in pigs breathin g II % oxygen (group 2) as well, reaching a mean maximum of 44.1 ± 9.5 /lmol/L (p < 0.02). However, also in this group, th ree of the pigs had a fall in concentrations terminally below the starting value or even to zero, resulting in an average value at the time of death of 27.0 ± 23 /lmol/L (not statistically different from either the prehypoxemic value or the maximum value du ring hypoxemia). Th e plasma concentrations of hypoxanthine in the other two groups changed only marginally du ring the experiment (results not shown).
When relating all our measurem ents of plasma hypoxanthine to the actual Pao, of the pigs, we found that the hypoxanthine concentration rose when the Pao, was lower than approximately 4 kPa (30 mm Hg) (Fig. 3) .
Th e mean plasma concentration of xanthine was 0.7 ± 0.7 JLmol/L before the start of hypoxemia. There were no significant differences among the four groups. In group I, plasma concentration of xanthine continued to rise in all seven pigs until death , with a term inal mean level of 48.1 ± 24.9 /lmOI/L , (p < 0.02 compared with prehypoxemic levels) (Fig. 2a) . In group 2 (Fig.  2b) , plasma xanthine concentrations increased unt il death in all but one pig, where the concentration fell to zero terminally, resulting in a mean concentrati on measured ju st after death of 44.4 ± 37.0 JLmol/ L ( p < 0.02 compared with basal levels). There was no difference between the term inal xanthine concentrations found in groups I and 2. The mean plasma concentration of uric acid in groups 1 and 2 was 15.4 ± 2.7 flmol/L before hypoxemia. The concentration of uric acid continued to rise in all pigs in these groups, even when hypoxanthine or xanthine concentrations fell, resulting in a maximum of 125 ± 32 flmol/L at the time of death in group 1 (p < 0.02), and 208 ± 148 flmol/L at the time of death in group 2 (p < 0.02). There was no difference between terminal uric acid concentrations found in groups 1 and 2.
The maximum hypoxanthine concentrations were generally reached earlier in the hypoxemic period than the maximum xanthine concentrations.
When considering the total amount of hypoxanthine and xanthine in plasma, we found a starting value of 25.5 In groups 3 and 4, there was no significant increase either of hypoxanthine or of xanthine in plasma during the experiments (results not shown). In these groups, uric acid was not measured.
Hypoxanthine and xanthine in urine. The mean basal excretion of hypoxanthine in the urine was 17 ± 12 nmol/kg/min. There were no significant differences between the groups. In group I, during hypoxemia there was a nearly 5-fold increase in the amount of hypoxanthine excreted in the urine, reaching a mean maximum of 87 ± 27 nmol/kg/rnin (p < 0.02). In the last measurements before death, the mean values had declined toward basal levels (Fig. Ia) . The urinary excretion of xanthine in this group followed the same pattern described for hypoxanthine (Fig. 2a) . Figure lb shows, in addition, the urinary excretion of hypoxanthine in group 2. In this group, there was, compared with basal values, a nearly 3-fold increase in the rate ofhypoxanthine excretion, reaching a mean maximum value of 54 ± 18 nmol/kg/min (p < 0.02). In the last measurement before death, the mean values had dropped significantly, reaching levels recorded before hypoxemia, 15 ± 9 nmol/kg/min. In the hypoxemic animals breathing 14% oxygen (group 3), there was a 2-fold increase in the rate of hypoxanthine excretion, reaching a mean maximum value of33 ± IS nrnol/kg/rnin, but this increase was not statistically significant. The urinary excretion of xanthine in group 2 followed the same pattern as that of hypoxanthine (Fig. 2b) .
There was no significant increase in urinary xanthine excretion in the pigs breathing 14% oxygen. In the control group, neither hypoxanthine nor xanthine excretion changed. DISCUSSION We found a higher basal concentration of hypoxanthine in CSF of pigs (15.8 flmol/L) than has been reported in normal human newborns, children, and adults (3.5 flmol/L) (14) . During hypoxemia in both groups I and 2, the hypoxanthine concentrations increased about 2.5-fold in the CSF. Nevertheless, when comparing CSF concentrations with plasma concentrations, we found a different pattern during the two degrees of hypoxemia. In group 2 (the milder degree), at death the concentrations of hypoxanthine in the CSF and in the plasma were about equal. In comparison, when the pigs died after the most severe hypoxemia (group I), the plasma level of hypoxanthine was found to be two to three times higher than the CSF level. This indicates that hypoxanthine in the CSF is regulated by a different mechanism than plasma hypoxanthine. An active transport system in the choroid plexus for hypoxanthine has been found (15) , and presumed to act to remove hypoxanthine from the CSF. However, Spector (16) stated that the directionality, if any, for transport by that system is not known. From our results, we cannot say whether hypoxanthine is transported from the CSF to blood or vice versa. The differences between the two body fluids during hypoxemia became even more obvious when we looked at the changes in xanthine and uric acid concentrations. In the CSF, xanthine increased about three-fold, whereas in the plasma we found a 60-to 70-fold increase in concentrations. The increases in uric acid concentrations were less marked, about five-fold in the CSF and 14-fold in the plasma.
The concentrations measured in the CSF after hypoxemia correspond well with the findings of Harkness and Lund (14) in children after hypoxia. In their report, however, there is no mention of blood gases or the duration of the hypoxic episodes. Furthermore, their measurements were done 1 to 2 d after the hypoxic episode, so a direct comparison is difficult.
In several pigs from the two most severely hypoxemic groups, a fall in both plasma hypoxanthine and xanthine concentration after an initial peak was found, comparable to data we previously have published from hypoxemic dogs (17) . In the dog, there is, however, a large lung metabolism of hypoxanthine and xanthine to uric acid due to the presence ofxanthine oxidase (EC 1.1.3.22) (18) . Until now, we believed that this enzyme was not present to any extent in the pig lungs (9) . If xanthine oxidase is present in the pig lungs, or if xanthine oxidase is liberated into the circulation by a severely hypoxemic liver, this species may have the capacity to clear hypoxanthine from the circulation even during profound hypoxemia. This may also explain the different pattern found between CSF and plasma, with a steady increase in CSF, whereas in some of the pigs hypoxanthine fell in plasma towards the end of the experiments. Another possible explanation may be the presence of the enzyme liver aldehyde oxidase (EC 1.2.3.1). In the rabbit, this enzyme has the capability to catalyze the conversion of hypoxanthine to xanthine, but not the conversion of xanthine to uric acid (19) . Concentrations of hypoxanthine and xanthine may also be altered independently, inasmuch as xanthine can arise from breakdown of guanine. The finding of approximately equal xanthine concentrations at the time ofdeath in both CSF and plasma in both group 1 and group 2 may indicate that under hypoxemic conditions only a certain limited amount of hypoxanthine will be converted to xanthine.
Urinary excretion, especially of hypoxanthine, might be a sensitive method for studying adenine nucleotide catabolism in man. There is a high renal clearance of hypoxanthine (20) , and acute changes in plasma hypoxanthine concentrations may therefore be reflected in the urine. The renal clearance of xanthine, however, can exceed creatinine clearance, suggesting a tubular origin for at least some of the excreted xanthine (10) . Urinary xanthine will therefore not reflect plasma xanthine as sensitively 
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as urinary hypoxanth ine will reflect plasma hypoxanthine. In normal hum an subjects, there are only a few reports on renal transport/urinary excretion of hypoxanthine and xanthine (l0, 2 1). In the two most severely hypoxemic groups, the pigs increased their urina ry excretion of hypoxanthine and xanthine shortly after the hypoxemia was initiated. We found , however, a tremendous drop in urinary hypoxanthine excretion toward death , but these animals had at that time a fall in blood pressure that probably resulted in reduced or even ceased renal perfusion. In summary , CSF hypoxanthine reflects hypoxem ia, but it seems to be partly independent on the degree and dur ation . Th e plasma hypoxanthine concentration reflects th e degree of hypoxemia more sensitively in severe than in mild hypoxemia, but the duration of hypoxemia seems to play a smaller part than the degree. There is no clear relation ship between concen trations of hypoxanthine found in the CSF and concentrations found in plasma. If the hypoxemi a leads to death, postmortem measurement s of hypoxanthine in the vitreous hum or may give an indication of the dur ation of hypoxem ia ante-mortem (22) . Urinary concentrations of hypoxanth ine may be a sensitive method of studying adenine nucleotide catabolism, but a meanin gful result can only be obtained if the diuresis is known.
